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ABSTRACT
Deuterium  concentrations in severa l m etals have been studied by 
means of the D(d,p)H3 reaction  for deuteron energies ranging from  20 to 80 
KeV. Com parison has been m ade with other experim ental data and calcu­
lations of average density and density distribution functions have been made 
from  thick target yield in tegrals of the (d, d) reaction . Calculations of 
average density have also been ca rried  out by consideration of exponential
proton yield buildup ra te s . Values of densities for Au vary from  102-1- to
00  210** deuterons pe r cm  .
A method, utilizing proton pulse height spectra , has been devised 
for finding relative density distributions. This method has been applied to 
Ag.
vi
CHAPTER I 
INTRODUCTION
A p a rticu la r aspect of the absorption of gases in m etals is  the 
phenomenon of stopping energetic  ions in m eta ls , a  common occurrence in 
acc e le ra to rs  and vacuum ion pum ps. Investigation of th is  phenomenon has 
been c a rr ie d  out in sev e ra l lab o ra to ries . 1»2 » 3 » 4 ,5 ,6 ,7 ,8 ,  9 Use of deu­
te riu m  ions p e rm its  study of the concentrations of deuterium  trapped  in the 
m etals by observation of one o r m ore of the energetic p a rtic le s  from  nu­
c lea r reactions between the incident deuterons and the occluded deuterium .
The two competing reac tions, D(d,n)He3 and D(d,p)H3, a re  both 
exoergic w ith Q values of 3 .27 and 4 .03  MeV, respective ly , and the resu lting  
neutrons and protons have been studied as a means of measuring the amount 
of deuterium  in the m etal. The other reaction  products, while being 
observed, a re  of low energy, and a re  le s s  useful, since they a re  easily  
stopped.
Campbell-*- rep o rted  the neutron y ields for a  num ber of m eta ls fo r 
incident deuterons of 100 KeV. The yield in creased  w ith tim e and approaches
som e lim iting or sa tu ration  value. L a te r, Campbell, K orsm eyer and R a lph ,2 
working a t the sam e energy, studied the sa turation  y ields of Mo and Ta as  a  
function of tem p era tu re , and found g rea tly  reduced y ields a t high tem pera­
tu re s . T heir re su lts  showed neutron counts reduced by a fac to r of 1,000 a t 
1 ,200° C.
F ie b ig e r ,3 studying the form ation of " s e lf - ta rg e ts ," investigated the
neutron y ields of several m etals at an energy of 350 KeV. Using beam  
cu rren ts  of 50 ^ ia /c m 3, he m easured saturation tim es of 2 to 3 hours, with 
the highest yields recorded  for Au, and approxim ately 1/2 of th is value for Ag. 
Working m ore extensively on Au, he calculated a value of the density and the 
diffusion coefficient and offered an explanation based on diffusion theory to 
f it h is re su lts .
Bronner et a l. ,4  saturating Au and Ag ta rg e ts  at 400 KeV and 140 
^ ja /c m ^ , reported  alm ost identical yields and saturation tim es of 90 m inutes 
for both, w hereas Kamke and K ruger, 9 working at 700 KeV and an unspeci­
fied deuteron flux, sa tu rated  Au in only 35 m inutes.
Comparison of yields and saturation tim es among the various experi­
m e n ts^  4, 5 is  difficult because of the variation in cu rren t densities, and the 
work of Ebert® and of Gusev e t a l. ® a t low energies does not com pare a t all 
with those above. The la tte r , bombarding a t 50 and 25 KeV, respectively , 
a t cu rren t densities on the o rd e r of 1 m a/cm ^, reported  saturation tim es of 
10 to 12 m inutes and 1 to 2 m inutes. The only com parison to be made among 
the various experim ents is  the re la tive  yields: i. e . , a ll investigators observed
a ra tio  of Ag to Au y ie ld s ,3*5> 6> 9 of 1 /2 , w ith the exception of Bronner et a l.4
Another aspect of th is phenomenon is  the persistence  of the deuterium  
in the m etal a fte r saturation. These periods of tim e diverge widely, with 
F ieb iger3 reporting retention of gas of a day o r  m ore, Ebert® severa l weeks 
o r m ore, and Robison et a l .7 only a  few hours.
In th is experim ent, a density d istribution is  calculated on Ag by use of 
proton pulse height spectra . In addition, average densities, from  considera­
t io n s  of th ick  ta r g e t  p ro to n  in te g ra ls  and  of sa tu ra tio n  t im e s , a r e  ca lcu la te d  
fo r  s e v e ra l  m e ta ls .  T he v a lu e s  a r e  c o m p a red  w ith  E b e r t ’s , ^  p a r t ic u la r ly  
th o se  on Au, w hose e x p e rim e n ta l cond itions w e re  s im ila r .
CHAPTER H
THEORY
The norm al p rocess of absorption and diffusion of gases in m etals is  
understood, and described to  some extent by a  relatively  sim ple diffusion 
equation o r se t of equations, as stated  by F ick’s law. The properties of the 
m etals a re  classified  into two general groups, A and B, 10 in which the solu­
bility of hydrogen increases with tem perature in A and decreases in B, forming 
pseudo-hydrides. Concentrations of deuterium  built up by energetic ion fluxes 
a re  much higher than those norm ally found, and m ust be trea ted  by some v a r­
iation of the norm al diffusion p rocess .
Simply stated, the p rocess is  believed to be as follows: Energetic 
deuterons penetrate  the surface of the m etal and pass to some depth, R, a 
function of the stopping power of the m etal, dE^/dx. As the amount of deu­
terium  increases at R, the deuterium  diffuses out at a  ra te  proportional to the 
density gradient a t R and the diffusion coefficient, oL . A fter some tim e, t s , 
the ra te  of eg ress  of deuterium , approaches the ra te  of incident flux and equi­
librium  is  reached. In th is state the concentration o r density, P  , a t any point 
is  constant and independent of the tim e. Since is  a  function of the tem pera­
tu re , diffusion in the forw ard d irection is  the m ost prom inent, because of 
therm al channels o r "spikes created  as the deuterons lose energy passing 
through the m etal. Presum ably, yields and density increase  a t the sam e ra te , 
so that saturation tim es can be observed from  the (d,d) reactions.
Ideally, both the buildup ra te  and the steady sta te  can be described by
a  m odified  fo rm  of the  diffusion equation . If we a ssu m e  a  constan t diffusion 
coeffic ien t, the  equation h a s  the  fo rm :
S(x) is  a  so u rc e  te rm  equal to  the  ion flux  fo r  x  equal to  R  and z e ro  e lsew h e re .
Equation (1) is  an ex p re ss io n  of continuity showing ba lance  betw een the  
inciden t ion flux and the  r a te  of diffusing d eu te riu m  in the  ta rg e t. We co n sid er 
h e re  only the one d im ensional c a se , s ince  the  beam  w idth is  m uch la rg e r  than  
R . If w e a ssu m e  th a t diffusion is  neglig ib le  in  the  y and z d irec tio n s  a s  w ell 
a s  th e  backw ard  d irec tio n , then  (1) has a  solution:
w h e re  f(x) is  a  l in e a r  function fo r  x  le s s  than  o r  equal to  R .
The exponential fo rm  of (2) can  b e  u sed  to  find av e rag e  d e n s itie s , even 
if  K^o6 is  unknown; and if  Ki can  b e  d e te rm in ed , then  cC, can  be ca lcu la ted  a s
F ie b ig e r ,3 assum ing  l in e a r  density  d is tr ib u tio n s , and using  known c ro s s
/ *  i s  th e  density  in  d e u te ro n s /c m 2 , a  function of x  and t . 
cC is  th e  d iffusion  coeffic ien t in  cm 2/ s e c .
w e ll. G ab rysh  e t a l . 3 d e riv ed  an e x p re ss io n  v e ry  s im ila r  to  th is  fo r  ca lcu ­
la ting  d en sity .
se c tio n  d a ta  fo r  the (d ,d ) r e a c t io n ,12 c a lc u la te d /^  fo r  Au. Only Au is  given 
b ecau se  i t  i s  the  only m e ta l fo r w hich a c c u ra te  data-*-3 on th e  stopping pow er is  
given fo r  deu te ron  e n e rg ie s  down to  50 KeV.
6) {  -  C '  j j f  (3 )
yt'~ c ' ( V
Yp(E) is  the proton yield as a function of deuteron energy E^.
Ebert® in a s im ila r m anner used th is method to find a density d is tr i­
bution function for Au. F rom  his data on Au, Ag and Cu, Yp(E) is  p ropor­
tional to E ^ .  5^  He assum ed that d tf-/d  A  is  a  function of E ^ .  5 and dE^/dx 
a function of E*
If(£) = c = C' j j fcm%<*£ . C5)
Y f 0 0 =  "  = c ' j £ 2*/ & ) £ " * &  ( V
Thus
f(E) *  £'* (7)
T herefore , since dE ^/dx is  proportional to E* 5:
■ /> ( * )  o c  s p *  C 2 )
Kamke and Kruger, ® by a determination of the target temperature from
the power d issipated  by the c u rren t density J ,  computed a value of 0^ from  the 
exponential rela tion  to the tem pera tu re , T.
CC -  £><b ~ ^ t  ( V
CHAPTER HI
APPARATUS, PROCEDURE AND RESULTS
The ap p ara tu s  used  to  m e a su re  the  p ro ton  y ie ld s  and sa tu ra tio n  tim e s  
of d e u te r iu m -sa tu ra te d  ta rg e ts  can be divided into 5 m ain  p a r ts :  A. The 
Source; B . A cce le ra tio n  and Focusing; C. B eam  Separation ; D. T a rg e ts ; 
E . Pum ping.
A. Source
The so u rc e  w as a  w a te r-co o le d  d u o -p lasm a tro n  a s  shown in  F ig . 1. 
W ater w as supplied  fro m  a tap  through  100 fe e t of polyethelyne tubing and
d ra in ed  w ith  ano ther 100 fe e t o f tubing. The supply and d ra in ag e  tubing drew  
one m illia m p ere  of c u rre n t  a t 100 KeV.
A rc c u r re n ts  w e re  betw een 4 and 5 a m p e res  w ith  60 v o lts  betw een the 
filam en t and in te rm e d ia te  e le c tro d e . The la t te r  co n sis ted  o f a  hollow 1 inch 
d iam e te r  m ild  s te e l cy lin d er app rox im ate ly  3 -1 /2  inches long. The in side  
d ia m e te r  w as 3 /4  inches and w as sea led  a t one end by a  1 inch  d ia m e te r  s te e l 
flange w hich had 2 stupakoff se a ls  fo r  f ilam en t le a d s  and a  1 /4  in ch  ho le  fo r 
supplying d eu te riu m  g as to  the  so u rc e . T he o th e r  end of the  in te rm e d ia te
e le c tro d e  w as ta p e re d , in  th e  la s t  1 /2  inch  of leng th , to  a  d ia m e te r  of 1 /4  
inch , and d r ille d  th rough  w ith  a  3 /64  inch  h o le . T h is ta p e re d  sec tio n  w as 
s i lv e r -s o ld e re d  in to  a  4 inch  d ia m e te r  w a te r-co o le d  copper d isc . The anode
was a  1/4 inch molybdenum disc with a . 015 hole drilled half through the thick 
n e ss , f ro m  w here  i t  tap e red  ou t to  the  fu ll d iam e te r  of the  d isc . The anode 
w as p re s s - f i t te d  in to  a  s im ila r  w a te r-co o le d  copper d is c . The two copper
Deuterium
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9d isc s  w e re  then p laced  opposite  each  o th er and se p a ra ted  by a  1 /8  inch teflon 
g ask e t w hich a lso  se rv e d  a s  a  vacuum  se a l.
The filam en t co n sis ted  of a  ro lle d  p iec e  of No. 32 p latinum  m esh  sup­
p o rted  by 2 s te e l ro d s , w hich w e re , in  tu rn , suspended fro m  the two Stupakoff 
s e a ls . Rods and p latinum  m esh  w e re  enclosed  in th e  cy lin d rica l in te rm ed ia te  
e le c tro d e . T his cy linder a lso  se rv ed  to  suppo rt and supply a  flux p a th  fo r  the  
a rc  m agnet, w hich co n sis ted  of 240 tu rn s  of 1 /2  inch by .012  inch  copper 
ribbon  w rapped in  3 "p i"  sec tio n s on a  copper tube fo r sh o rted  tu rn  f ilte r in g . 
The a rc  m agnet con stru c tio n  fitted  ov e r the  in te rm ed ia te  e le c tro d e .
G as w as supplied to  the  sy s tem  by a  paladium  leak  to  give a  fine  r e g ­
u lated  flow and to  cu t down im p u ritie s . F ig . 2 shows th e  pow er supp lies fo r  
the  a rc  m agnet, the  f ilam en t, th e  palad ium  leak , and th e  a r c .
B . A cce lera tion  and Focusing
A c ce le ra to r  voltage fo r th is  ex p erim en t w as to  ran g e  fro m  0 to  100 
KeV and w as p rovided  by a  voltage double using  50 KV X -ra y  tra n s fo rm e rs  
and . 5 c a p a c ito rs . M easu rem en ts w e re  taken w ith  a  high voltage p robe , 
c a lib ra ted  a g a in st the  c u rre n t  in  a  75 m egohm  b le e d e r  r e s is to r !  B ecause  of 
the re la tiv e ly  low vo ltages, the sy s tem  w as so  c o n stru c ted  th a t a t  le a s t  50 KV 
could be  p laced  betw een succeeding e le c tro d es .
An e inzel len s  of th e  type studied by L iebm ann14 w as u sed  (see  F ig . 
3). The p a r tic u la r  a rra n g em e n t chosen  w as th e  L iebm ann No. 4 because  i ts  
a s tig m a tism  and sp h e rica l a b e rra tio n  a r e  sm a ll.
The e x tra c to r , w hich h as  th e  conical shaped end, se rv ed  a s  th e  f i r s t
10
100
40afe
000 mfd
=|OOOmf(T
60 mfd
- O  T 0»
40 v
0*
400 «W
10 o ARC SUPPLY
1.0*
riUUMOT «MPPtv
IJNl
LEAK EUPPLV
SOa
ARC MAGNET SUPPLY
Fig. 2 -  POWER SUPPLIES
11
F ig . 3 -  E IN Z E L  LENS
electrode and operated  a t half the a cce le ra to r voltage V; the second, the focus 
e lectrode, operated in the range of V to V-5KV and w as contro lled  by the supply 
illu s tra ted  in F ig . 4 . The th ird  electrode w as a t the sam e potential as the f ir s t , 
and the fourth was grounded,, All w ere  constructed  of aluminum except the ex­
tra c to r , which w as of soft s tee l to intensify the a rc  m agnet flux and confine the 
beam . E very e lectrode  except the ground w as supported m echanically  by a 
sta in less  s tee l flange se t between two 4 inch d iam eter porcelain  cy linders . 
P o rce la in  and s ta in less  s tee l w ere , next, se t between 2 alum inum  flanges, one 
of which connected to the bottom  of the source; the o ther, which also  supported 
the ground e lectrode, to an alum inum  block containing the analyzing m agnet pole 
p ieces . The porcelain  cy linders w ere  3 .5  inches long and w ere  joined to  the 
m etal flanges w ith vinyl AYAT to m ake a  vacuum seal.
C. Beam  Separation
The analyzing m agnet consisted  of two 4 inch d iam eter pole p ieces p a r ­
tia lly  in  the  vacuum  system . T hese w ere  supported by the aluminum block (see 
F ig . 5) whose opposite faces w ere  a ll p a ra lle l except those through w hich the
beam  passed , these  being a t 30°, the angle of deflection of the ion beam . The
p a r ts  of the pole p ieces out of the vacuum system  w ere  each wrapped in two 
"p iu sections and oonnected in  s e r ie s . The gap w as 3 /4  inches and a  flux path 
w as provided by 2 x 4 inches soft iron , so tha t fie lds of 5,000 gauss w ere  ob­
tained. C u rren t w as supplied by a 50 am pere  500 w att unregulated Sorenson 
power supply.
Undesired portions of the beam struck a molybdenum collimating aper­
ture supported by two water-cooled copper blocks, 2 inches from the face of the
.1 f l f
35GT
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alum inum  b lock . T he c o llim a to r  and co p p er w e re  m ounted in  a  4 inch  d iam e te r  
c y lin d e r 4  in ch es long, one end of w hich w as jo in ed  to  th e  po le  p ie c e  su p p o rt, 
the o th e r  to  a  g a te  va lve  th a t se p a ra te d  the  sy s te m  fro m  th e  ta rg e ts .
D. T a rg e t Section
T a rg e ts  c o n s is te d  of m e ta l fo ils  m ounted  on 1 /8  inch  th ic k  b r a s s  w ash ­
e r s  1 inch  in  d ia m e te r  w ith  3 /8  inch h o le s . T h ese , in  tu rn , w e re  m ounted , six  
a t a  t im e , on a  6 inch  d ia m e te r  b r a s s  p la te  w ith  h o les  and in s e r ts  in to  w hich  
the w a sh e rs  and ta rg e ts  w e re  fitted  (see  F ig . 6). T he exposed  p a r t s  of the  
fo ils  w e re  ap p ro x im ate ly  1 cm ^ and fo rm ed  p a r t  of th e  vacuum  w a ll. T hey 
w e re  cooled w ith  ice  w a te r  c irc u la te d  d ire c tly  a g a in s t th e ir  b ack  fa c e s . T a rg e t-  
to -h o ld e r  s e a ls  w e re  m ade w ith  v iny l AYAT.
T a rg e ts , a f te r  m ounting , w e re  ligh tly  sanded  and e tched  w ith  h yd ro ­
c h lo ric  a c id  and then  r in s e d  w ith  d is tille d  w a te r . To he lp  keep  ta rg e ts  c lean
during  b o m bardm en t, a  sm a ll co p p er cup w ith  ac tiv a ted  c h a rc o a l, coo led  by 
liqu id  n itro g en , w as p laced  in  f ro n t of the  ta rg e t ,  a s  shown in  F ig . 6.
The ta rg e ts  w e re  in su la ted  f ro m  the  r e s t  of th e  sy s te m  by a  lu c ite  sp a ­
c e r ,  1 in ch  th ic k , p lac ed  betw een th e  g a te  valve and th e  ta rg e t  h o ld e r . (See 
F ig . 7). M ounted in to  the  s id e  o f th is  w as a  1 /4  by 1 /4  inch  H ughes M odel 
SD1-13 so lid  s ta te  d e te c to r , to g e th e r  w ith  a  1 -7 /8  inch  d ia m e te r  co p p er r in g  
fo r  su p p re ss io n  of seco n d ary  e le c tro n s . T he d e te c to r , to  p re v e n t dam age, 
w as c o v e red  by  a  gold c a s e  w hich  had  a  h o le , d r i l le d  opposite  the  f ro n t face  
of th e  d e te c to r . T he h o le  w as co v ered  by 1 /50  m il .  a lum inum  fo il window 
to  e lim in a te  n o ise  re s u ltin g  fro m th e  d e te c to r fs  h igh p h o to sen s itiv ity .
T he d e te c to r  w as m ounted  in  th e  backw ard  d ire c tio n  a t  160° and su b -
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tended a solid angle of . 0062 sterad ians a t a distance of 1 .5  inches from  the 
front of the ta rge t. It was biased at 75 volts in o rder to count 3 MeV protons 
which penetrated to a  depth of approxim ately 100 m icrons. The proton pulses 
w ere fed into a 101 ORTEC pream plifier and am plifier system , then to a 
Radiation Counter L aboratories count ra te  m eter, which w as se lf-calib rated  
by an in ternal c ircu it, o r  a  Radiation Instrum ents Development L aboratories, 
Inc. 200 multichannel analyzer. F ig. 8 shows a block diagram  of the counting 
system  with the count ra te  m eter and a Varian G-10 reco rd e r. When desired , 
the la tte r  two p ieces of apparatus can be replaced by the m ultichannel analyzer. 
In operation, pulses w ere m onitored by a Tektronik 545 oscilloscope.
When the pulse height analyzer was used, without a  window on the de­
tec to r, th ree  charged p a rtic le s  w ere observed: protons, tritons and helium 
ions, the la s t  being stopped by the window. When the count ra te  m eter was 
used, only protons w ere  counted, the triton  and helium  pulses being biased 
out by a d iscrim inato r. Saturation count ra te s  ranged from  102 cnts. /m in . 
a t 20 KV to 5 x 105 c n ts ./m in . a t 80 KeV for beam  cu rren ts  of 200^*# a on a 
ta rg e t a rea  of . 1cm2 .
E. Vacuum System
A CVC Model MCF 300 oil diffusion pump ra ted  a t a  speed of 200 lite rs  
a second for a ir  w as backed by a Cenco Megavac fore  pump. The length of the 
system  was made sho rt and w ith as la rge  a d iam eter as possible to get high 
pumping speeds. To keep oil vapors from  the ta rg e ts , a  4 l ite r  cold trap  was 
placed between the diffusion pump and the r e s t  of the system . However,
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because of d ifficulties in keeping the tra p  vacuum tight, i t  w as rem oved and 
rep laced  by a  titanium  auxiliary  pumping system-*-® (see F ig . 9) which was 
powered by a fu ll wave re c tif ie r  ra te d  a t 2, 000 volts and 5 am p eres . When 
operating, the titanium  was heated by an e lec tron  bom bardm ent of 150 m a a t 
1,500 vo lts . In addition, the top je t  of the diffusion w as covered by a  b ra s s  
cup to cut down back stream ing . The diffusion pump w as shielded from  the 
titanium  by a 5 inch d iam eter baffle d irec tly  above the pump. Both cup and 
baffle w ere  cooled w ith ice w a ter.
With th is  pumping system , p re s su re s , a s m easured  with a CEC Phillips 
Ionization Gauge, w ere  2 x 10“® m m  o r b e tte r , w ith no v isib le  contam ination 
of the  ta rg e ts  a fte r  bom bardm ent. The whole pumping system , pumps and 
tra p , w ere  suspended from  the bottom  of the analyzing m agnet block w ith the 
vacuum  gauge p laced in  a  sh o rt neck between tra p  and block. No data  w ere 
accepted a t p re s su re s  above 5 x 10“5 m m  because of the la rg e  e lec tron  cap­
tu re  c ro s s  section  of d e u te ro n s^  a t th is energy. The en tire  apparatus was 
suspended from  the analyzing m agnet pole p ieces which w ere , in tu rn , su s ­
pended from  an "A" fram e.
The power supplies shown in F igs . 2 and 4 w ere  mounted in another 
room  in  a  single ch ass is  about 20 fee t from  the ta rg e ts , because of the ex­
pected high neutron flux.
P rocedu re  and R esu lts
At the s ta r t  of each experim ent, the gettering  system  w as turned  on
-4
and the p re s su re  allowed to stab ilize . 'While in th is  stage the e lec tric  c irc u its
/F ig . 9 -  TITANIUM PUM PING SYSTEM
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w ere turned on, particularly  the ORTEC system , but without b ias to the 
detector. When the p ressu re  reached a minimum, deuterium  was le t into the 
source and the a rc  struck, and the p ressu re  again was allowed to stabilize, 
a t 10~^mm, while 75 and 250 volts b ias, respectively, w ere put on the de­
tector and suppressor, and ice w ater was circulated against the backs of the 
targe ts .
The a rc  magnet was turned on and the high voltage ra ised  to 60 KV 
while the deflection magnet was adjusted until the monoatomic beam hit the 
ta rge t. This situation was maintained until the targe t was saturated, about 
15 minutes for Au and 30 to 40 minutes for Zn or Ni. After saturation the 
targets w ere bombarded with energies varying in 10 KV steps from  20 to 80 or 
90 KV. Count ra tes, and curren ts w ere recorded for each, and yields were 
norm alized to 200 y ta . beam . Fig. 10 is a  plot of Y vs, J  for different ener­
gies on Z r, It shows a good linearity  of yield up to 200^*a and justifies the 
norm alization. At about 250^# a, however (not shown in Fig. 10), the curves 
take a dip and continue to decrease until 3 0 0 a,  before they again s ta r t to 
r is e .  No attem pts w ere made to explain these anomalies quantitatively.
F igs. 11 through 20 show ln -ln  plots of proton yield, Yp , versus 
deuteron energy in KeV. Most of these data, up to 50 KeV, agree with 
those of E b e r t ,6 the m ost notable exception being Ni.
The yields for Ag w ere also fed to the pulse height analyzer. Fig. 21 
shows the composite proton spectra  for energies of 20 through 70 KeV. The 
abscissa  in Fig. 21 was cut off abruptly a t a proton energy of 2 .9  MeV. Only
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e n e rg ie s  below  th is  va lue  w e re  u sed  in  com putation  of the  d ensity  d is tr ib u tio n  
function . S im ila r  c u rv e s  w e re  o b se rv ed  fo r  t r i to n s  and helium  ions, when 
th e re  w as no window on th e  d e te c to r . A ll c u rv e s  w e re  n o rm alized  to  2 0 0 a  
b eam  c u r re n ts ,  bu t s p e c tra  fo r  high e n e rg ie s , above 70 KeV, cau sed  such  
d ifficu ltie s  w ith  the  p u lse  he igh t a n a ly ze r  th a t they had  to  b e  d isc a rd e d . The 
dow nw ard sh ift of th e  p ro to n  p eak s  a t  in c re a s in g  d eu te ro n  en erg y  i s  the  r e s u l t  
o f tak ing  m e a su re m e n ts  in  the  backw ard  d ire c tio n .
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e n erg ies  below th is  value w ere  used  in com putation of the density  d istribu tion  
function. S im ila r cu rv es  w ere  observed  fo r tr ito n s  and helium  ions, when 
th e re  w as no window on the  d e tec to r. All cu rves w e re  no rm alized  to  200y&fa 
beam  c u rre n ts , but sp e c tra  fo r high en e rg ies , above 70 KeV, caused  such 
d ifficu lties w ith the pu lse  height ana lyzer th a t they had to be d isca rd ed . The 
downward sh ift of the  pro ton  peaks a t in creas in g  deu teron  energy is  the  re s u lt  
of taking m easu rem en ts  in the  backw ard d irec tio n .
CHAPTER IV
DISCUSSION OF RESULTS
In view of the fact that a ll the buildup o r satu ration  p ro cesses  a re  
exponential^- j 2 ,3 ,4 ,5 ,6 ,7 ,8 ,9  o r approach th is in som e degree, we may study 
the phenomenon from  a purely  em pirical point of view, without the u se  of 
F ick ’s law. If we consider a c u rren t density, J ,  incident on a ta rg e t, then:
■fa = J — Akv Qo)
when "n" is the num ber of atom s/cm ^ in the m etal. Lamba is a s ta tis tica l 
factor that gives a probability of an atom  leaving the m etal p e r unit tim e. 
Integrating (10) we have:
n  -  C ' * i )  ( n )
If we divide both sides of (11) by R , then the resu lting  density is  a so rt of 
’'sm eared  out” average. The form  of the equation above suggests tha t A is  
re la ted  to oC in som e way and, indeed, CL is  a  so rt of s ta tis tica l factor itse lf. 
However, reg a rd le ss  of the re la tions of cL and A > the la tte r  can easily  be 
determ ined for the re su lts  of satu ration  cu rves. Equation (11) has exactly the 
form  that corresponds to the rad iation  buildup of a short-lived  daughter e le­
m ent in the p resence  of a  long-lived paren t, so that:
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w h ere  is  the  tim e  fo r w hich the  ra d ia tio n , o r  in  th is  c a se  y ie ld , is  1 /2  i ts  
fina l va lue . If equation  (10) o r  (11) is  an a c c u ra te  d e sc rip tio n  of the  sa tu ra tio n  
phenom enon, then p  can be found eas ily  fro m  ex p erim en ta l va lues of / \  and J  
and if, in addition , the  re la tio n sh ip  betw een / \  and 0L could be  d e te rm in ed , 
then diffusion r a te s  could be ca lcu la ted  a s  w e ll.
Again accepting  the  c o r re c tn e s s  of (11), the  following should be expected  
of Au: At n o rm al te m p e ra tu re , 2 0 °C ., the diffusion coeffic ien t of Au is  z e ro . 
A ssum ing th a t Au is  a  c la s s  A m e ta l a t high te m p e ra tu re s , i .  e . , Ct in c re a s e s  
fro m  high te m p e ra tu re s  in th e  th e rm a l "sp ik e s , " i t  m u st have h igher density  
d is tr ib u tio n s  than  n o rm a l, so  th a t the  r a te  of diffusion out of the ta rg e t  is  equal 
to J ,  the  inc iden t flux. T ab le  I  show s the  re la tiv e  neu tron  o r  p ro to n  y ie ld  of 
s e v e ra l w orkers^*  4, 5, 6 fo r Au, Ag, Cu and Mo, w h ere  Au y ie ld s  a re  given 
a s  unity . T hese  d a ta  seem  to  con firm  th e  h igher d e n s itie s  fo r  Au, w ith  the
TABLE I
Au Ag Cu Mo
F ie b ig e r  1 .00  .6 1  .2 3  .15
E b e rt 1 .00  .6 6  .4 1  .3 1
B ro n n er e t  a l. 1 .00  1 .00
G usev e t a l. 1 .00  .5 0  .66
P re s e n t  1 .00  .2 5  1 .87  .75
exception  of B ro n n e r e t a l^  and th is  p a p e r . By the  sam e  rea so n in g , Zn, s in ce
i t  is  c la ss if ie d  a s  Au, should have y ie ld s  a s  h igh a s  o r co m p arab le  to  the  Au,
but th is  is  not th e  c a se  h e re ; i t  i s  le s s  by a  fa c to r  of 2 a t 50 KeV.
V alues of density  com puted fo r  Au fro m  X and J  a r e  too high in  c o m -
parison with F ieb iger’s3 and Ebert's® values. The solution of F ick’s equation 
given in the theory is valid only for constant o( J , i. e . , tyL independent of x.
That th is is  approxim ately c o rre c t for experim ents at 700 KeV is  shown by 
Kamke and K ruger9 but E bert6 has shown that for energies below 100 KeV 
cannot be considered constant. Assuming that diffusion takes place along high 
tem pera tu re  channels or "sp ikes"1^ created  by the passage of deuterons through 
the m etal, ^  should be re la ted  to x by the stopping power dE^/dx, which is a 
rapidly varying function at low energy. M icroscopically, then, is p ropor­
tional to x and the num ber of channels, which is directly  proportional to J .  
T herefore, it is  hoped that an increase  in the cu rren t J  increases the diffusion 
ra te  in such a  way that the density rem ains unchanged. A m acroscopic p ic tu re , 
however, gives overall tem perature  r is e s  that a re  a function of the power d iss i­
pated in the targe t by the cu rren t, E^ tim es J .  Here OC is not proportional to 
RT, but to Ce- k /^ T 10 an(j gives f t ) a dependence on J .  In the la tte r  case , 01 
is a constant and the solution of F ick 's  equation should be valid. F ieb iger3 
indicates that ( /  is constant, and f t  (x) linear, but that f t  increases with J  if 
the ta rg e t is  bom barded over a long period of tim e. E bert, 6 on the other hand, 
favors the fo rm er theory, and pred ic ts densities independent of J ,  and the 
re su lts  show th is to some extent, i . e . ,  tg decreases as J  in creases . It is  
probable that both of these actions take place sim ultaneously, but to what ex­
ten t depends on the tim e of existence of each "spike" and the therm al conduc­
tivity of the m etal.
Both E bert6 and F ieb iger3 used ind irect methods to find average values
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of the  d ensity  and the  d iffusion  co effic ien t in  Au. Knowing p ro to n  and n eu tro n  
c ro s s  se c tio n s  fro m  W enzel and W haling, 12 and th e  stopping  pow er fro m  
W ilcox, they  com puted  r a t io s  of d e u te riu m  to  gold a to m s of 1 /15  and 1 /2 , 
re s p e c tiv e ly , and d iffusion  co effic ien ts  of 10-10 and 10- 12 cm 2/ s e c .  B ecause  
of th e  s im p lic ity  of th e se  c a lc u la tio n s , i t  w as  a ssu m e d  th a t a l l  stopping  p o w ers 
could b e  w ritte n  a s  KE-1- /2 , and s im ila r  c a lcu la tio n s  w e re  m ade  on Ag, Cu, Au, 
B e and Z r . The c o n s ta n ts  w e re  evaluated  fro m  d a ta  in  A llison  and W arshaw , 
and the  L os A lam os Handbook fo r  the  (d, d) re a c tio n . 1® T ab le  n  g iv es  v a lu es 
of d e n s itie s , in d e u te ro n s /c m 2 com puted  fro m  th e  exponen tia ls  and th ick  t a r ­
g e t y ie ld  in te g ra ls  f ro m  E b e r t 's 6 d a ta  and f ro m  y ie ld s  re p o r te d  h e re .
TABLE H
A verage  D e n s itie s  C om puted fro m  
T hick  T a rg e t In te g ra ls  and f ro m  E xponen tia ls
= 1/A 
s e c .
J
m a /c m ^
/> a v e . (J/RA ) 
d e u t . /c m 2 x  1022
P a v e . ( 
d eu t. / c m 2
♦Au 79 5 .9 0 2 .9 0
♦Au 158 1 .7 5 1 .70 .380
Au 216 1 .25 1 .68 .350
*Ag 65 7 .5 0 1 .60 -
*Ag 94 5 .60 2 .0 4 -
Ag - - - .080
♦Cu 50 3 .6 0 1 .67 -
Cu 130 1 .40 1 .38 .600
AL 520 2 .6 0 5. 50 .660
Z r 130 2. 50 1 .42 .600
Be 281 2 .0 0 2 .8 0 .0 4 8
♦ C alcu la tio n s b a se d  on E b e r t 's  d a ta .
In add ition , d en sity  d is tr ib u tio n  functions w e re  c a lc u la te d  on th e se
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m etals and o th ers  by the m ethod described  by E b ert6 as outlined in the  theory . 
These com putations a re  given in Table i n  and a re  based  on E b e r t 's  assum ption 
that the c ro ss  section is  proportional to E 2*5. However, the y ield  v s. energy
. TABLE III 
Density D istribution Functions, (x)
Y(EdP) (Ed^) (x1
P q n
Au 5 . 0 2 . 0 4 . 0
Cu 5 . 0 2 . 0 4 . 0
Ag 4 . 5 1 . 5 3 . 0
Zr 4 . 3 1 . 3 2 . 6
Pt 4 . 6 1 . 6 3 . 2
I r 4 . 6 1 . 6 3 . 2
Mo 4 . 5 1 . 5 3 . 0
Zn 3 . 5 . 5 1 . 0
Ta 3 . 3 . 3 . 6
Fe 3 . 2 . 2 . 4
plots a re  not so c le a r-c u t as  w ere  E b e rt’s . 6 They showed a d isproportionate 
in c rease  in y ield  fo r Ed g re a te r  than o r equal to 60 KeV w ith a low er slope 
than given fo r the points at low energy. M ost p lo ts w ere evaluated fo r slopes 
up to 50 KeV in o rd e r  to com pare w ith E b e r t 's 6 data . This indicates e ither 
that a t high E d the ta rg e t m ust re sa tu ra te  (at values above 50 and 60 KeV) o r  
that y ield  is  not rea lly  lin ear with J .  C u rren ts a t these  energ ies w ere  between 
200 and 500 m icroam ps o r 2 to 5 m a /cm 2. Another fac to r causing non-linearity  
m ay be damage to c ry s ta l la ttic e  from  these  heavy c u rre n ts , but the only in ­
vestigation of th is  possib ility  has been m ade by G abrysh e t a l. ® with X -ray
diffraction.
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F ro m  re s u lts  of pu lse  height sp e c tra , a  d ifferen t m ethod w as devised
for finding the  re la tiv e  density  d is trib u tions. Looking a t the com posite p ro ­
ton sp e c tra  fo r in the range of 20 through 70 KeV, (see F ig . 21), any 
energy a b sc is sa  (if dEp/d x  equals 0) re p re se n ts  a  y ield  in c re a se  a s  a  function 
of (x) and E^ only, since Ep im p lies deuteron energ ies E ^ ' a t w hich the 
(d, d) rea c tio n  took p lace. The d ifference E^ m inus E ^ ’ is  re la te d  to  the depth 
via dE ^/dx  so that a re la tiv e  value of ^  (x) can be found, i. e . , the h igher the 
energy, the deeper the p ene tra tion  and the g re a te r  the density  and pro ton  
yield . Although dEp/d x  is  not equal to 0, i t  is  constan t, o r  n early  so, a t 2 
to  3 MeV. T his, in effect, slopes the o rd ina tes in the  negative Ep d irec tio n  
by an amount p roportional to  dEp /d x . (See F ig . 22).
The stopping pow er fo r deu terons is  not w ell known below 100 KeV 
except fo r Au. However, a ll m eta ls  a re  approxim ately  the sam e shape, ^  
and v a ry  from  50 KeV p e r  m icron  fo r Au to 150 KeV p e r  m ic ro n  fo r  Cu (for 
100 KeV and low er). A ssum ing tha t dE ^/dx  re a c h e s  a m axim um  a t tw ice the 
energy as dE /d x , and using da ta  fro m  W ilcox and A llison and W arshaw ,r
a  le a s t  square  f it  of quadra tic  fo rm  w as used fo r Ag. It has a  form :
w here  "a" is  a  p roportiona lity  constant. (See F ig . 23). irb" is  a  constan t tha t
the  ro o ts  of (12), but E^ is  equal to 0; th e re fo re , 1 /2  E ^  is  the  a b sc is sa  fo r
a
de te rm in es the  E^ fo r m axim um  dE ^/dx; i . e . , ,Tb ,f is  equal to  E^ p lus Efj_,1 d
m axim um  dE ^/dx , since the  quadra tic  is  sym m etric  about 1 /2  E ^ -
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For Ag, "b" is approximately equal to 200, "a" to . 005. Integration 
of (12) resu lts in:
(»)
Plotting proton yield for each E^T gives the resu lts shown in Fig. 24. 
On ln-ln  paper the resu lts are  shown in Fig. 25, which are  straight lines with 
slopes of 2 .3 . Thus ^  (x) is proportional to x2, 2. This is  considered to be 
in reasonable agreement with the data for Ag in Table i n .  A rough attempt 
to normalize the curves is shown in Fig. 26, in which cross section data were 
used from Wenzel and W haling.12
No positive conclusions can be drawn from these data because there 
is no rea l basis for comparison with other workers whose investigations were 
at different energies and currents. Generally, it may be said that saturation 
tim e increases with and inversely with J .  There is no acceptable agreement 
for computation of density by cross-sections and exponential buildups which 
differ by as much as a factor of ten or m ore. Results of calculations on 
diffusion coefficients are  inconclusive as to how they behave according to a 
microscopic o r macroscopic phenomenon.
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Fig. 24 -  REL. DEN. VS. DEPTH
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